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ABSTRACT 

The adsorption of the three adenine forms involved in two acid-base equilibria on 

Au(111) electrodes is studied by Electrochemical Impedance Spectroscopy. The 

experiments are performed in solutions of pH values 1, 7.5 and 12, at which the 

cationic, the neutral and the anionic adenine forms are present, respectively. Two 

adsorption models are adopted, both based on the theory of Frumkin and Melik-

Gaykazyan for the adsorption process, but one of them takes also into account a 

deprotonation step preceding the adsorption step. The same frequency dependence of 

the impedance data is observed in the three pH media. The Nyquist admittance plots 

suggest a mixed kinetic control, by adsorption and by diffusion. The analysis of the 

electrode impedance or admittance as a function of the frequency according to the 

adsorption models provides the values of adsorption resistance, 𝑅𝑎𝑑 , adsorption 

Warburg coefficient, 𝜎𝑎𝑑  and adsorption capacitance, 𝐶𝑎𝑑  as a function of potential. 

From the 𝜎𝑎𝑑 vs E plot obtained at pH 1 an equilibrium constant for adenine 

deprotonation at the vicinity of the electrode surface of c.a. 0.03 is calculated, which is 

three orders of magnitude higher than the equilibrium constant in the bulk solution. The 

different potential dependency of the adsorption rates at the three pH values is discussed 

on the basis of a Frumkin isotherm for the adsorption of adenine and a Butler-Volmer 

type potential dependence for the adsorption rate constant.  
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INTRODUCTION 

The interaction of biomolecules with well defined solid electrode surfaces is an 

interesting task because this subject has potential applications in the development of 

electrochemical biosensors or the design of new nano-platforms for drug delivery. The 

availability of metallic single crystal electrodes with smooth well oriented surfaces [1], 

and the biological relevance of DNA derivatives, have prompted us to study the 

adsorption of DNA bases and derivatives on gold single crystal electrodes.  

The adsorption of adenine on low index surfaces of gold single crystal electrodes from 

neutral solutions was characterised by means of cyclic voltammetry and 

pseudocapacitance measurements [2]. It was found that the adsorption of adenine 

strongly depends on the surface orientation and on the reconstructed or unreconstructed 

state of the electrode. It was concluded that the adsorption of adenine induces the lifting 

of the reconstruction of the Au(111), as was later confirmed by STM experiments [3]. 

The experimental capacitance data obtained at potentials within the 

adsorption/desorption signals showed a clear dispersion with the frequency of the ac 

perturbation that was ascribed to the kinetics of the adsorption process [4].In fact, the 

smoothness of the single crystal electrode surface, the severe cleaning procedure that 

assures the absence of any faradaic processes and the specifically designed 

measurement procedure to avoid interferences by the reconstruction/unreconstruction 

phenomena permitted the assignment of the frequency dispersion of the capacitance 

exclusively to kinetics of adenine adsorption and the suitable analysis of the impedance 

spectra allows us to obtain the characteristic adsorption parameters [4]. In the analysis 

of the impedance data an adsorption kinetic model was adopted, based on the Frumkin 

and Melik–Gaykazyan theory [5] that takes into account the mixed kinetic control by 

transport and by activation of the adsorption [8]. Initially the model assumed a Butler-
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Volmer potential dependence of the adsorption rate constant and a Langmuir adsorption 

isotherm, however the impedance equations that were applied were deduced for a model 

that avoids any ‘a priori’ assumption about the dependence of the rate constants of 

adsorption/desorption with the potential or about the kind of adsorption isotherm [6–9]. 

The analysis about the kinetics of adenine adsorption by this impedance model was 

previously limited to solutions of pH values around 7 in which the neutral form of 

adenine (AdH3) existing in solution can get adsorbed. However, two other adenine 

forms, the cationic form (AdH4
+
) and the anionic form (AdH2

-
) can be in solution at 

other pH values, according to the two protonation/deprotonation equilibria [10,11]: 
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Scheme 1.-Acid-base equilibria of adenine in aqueous solutions. 

The adsorption of adenine as a function of the pH was studied by cyclic voltammetry 

and ‘in-situ’ Fourier transform infrared reflection absorption spectroscopy (FT-IRRAS) 

[12,13]. It was concluded that from neutral and acid pH solutions, only the neutral 

adenine is chemically adsorbed, so in very acid solutions where adenine is protonated in 

solution, the chemical adsorption process of the molecule must include a deprotonation 

step. On the contrary, at pH values around the second pKa of adenine, both species 

involved in the equilibrium, the neutral and the anionic adenine forms can be adsorbed, 

and the pKa value in the interface is very similar to the value in the bulk solution [13].  
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Recently, we have deduced the impedance equations for an adsorption model based also 

on the Frumkin and Melik–Gaykazyan model without any "a priori" assumption about 

the potential dependence of the rate constant for the adsorption or the type of isotherm, 

but including a deprotonation step preceding the adsorption process [14]. The 

impedance equations include the equilibrium and the rate constants for the preceding 

chemical step and predict a frequency dependence different than the one implicit in the 

previous adsorption kinetic model [6–9,15] 

The aim of this article is to take advantage of the possibilities of the impedance analysis 

to provide kinetic information of adsorption processes on single crystal electrodes in 

order to explore the differences in the adsorption of the three adenine forms existing in 

solution at different pH values and to compare their behaviours with the conclusions 

reached in previous FT-IRRAS studies. With this purpose impedance measurements 

have been performed at three pH values (pH 1, pH 7.5 and pH 12).  

 

EXPERIMENTAL 

Supporting electrolyte solutions were prepared with highly purified water, freshly 

obtained from a MilliQ system, and suprapure grade reagents HClO4, NaF and NaOH. 

Adenine (Sigma-Aldhrich


) working solutions of concentration 1 mM were obtained by 

the addition of the adequate amount of 10 mM stock solution to the electrochemical 

cell. All the solutions were degassed by bubbling argon during 20 minutes before 

running each experiment and then a flow of argon was kept over the solution surface 

during the measurements. 
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A three electrode set-up was used for the electrochemical measurements. The working 

electrode was a Au(111) single crystal, prepared according to the Clavilier method [1]. 

Before each experiment it was flame annealed with a butane micro-torch and transferred 

to the electrochemical cell with a water droplet protecting the Au(111) surface from any 

eventual contamination of the laboratory atmosphere. The contact with the cell solution 

was made by the meniscus method at a controlled potential low enough as to maintain 

the reconstructed Au(111) surface obtained with the flame annealing. The counter 

electrode used was a gold wire also cleaned by flame annealing. The reference electrode 

was a Hg/Hg2SO4(s)/K2SO4(sat) electrode connected to the cell via a salt bridge 

containing the same supporting electrolyte as in the electrochemical cell. 

All the electrochemical measurements were performed with an IviumStat multipurpose 

electrochemical system, from Ivium Technologies, equipped with a frequency response 

analyser. A single sine ac perturbation with amplitude of 10 mV was applied at 

frequencies ranging from 20 to 7500 Hz. The adsorption of adenine induces the lifting 

of the reconstruction of the Au(111) surface obtained during the flame annealing 

process [2]. Previously to any impedance measurement the Au(111) reconstructed 

surface was scanned at 10 mV s
-1

 up to a potential higher than the onset of adenine 

adsorption, Econt , and it was held at that potential during several minutes to guarantee 

the lifting of the reconstruction of the Au(111) surface. Then, two measurement 

procedures were assayed: in the accumulative procedure the impedance data at a single 

frequency are obtained as a function of the potential in two consecutive scans in 

opposite directions, first towards lower potentials and secondly towards higher potential 

values. This accumulative procedure of potential scan permits to check if the 

electrochemically induced reconstruction of the Au(111) surface at low potentials 

affects the impedance measurements. In cases where this influence manifests a step by 
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step measurement procedure was developed to avoid the interference of the potential 

induced reconstruction. The procedure was described in [4]. Briefly, it consists in the 

application of the contact potential (high potential at which adenine is adsorbed) during 

60 s before the application of every sample potential, Esample, that is applied during 2 

seconds before the impedance measurement. The cycle of potential steps Econt / Esample is 

repeated for every frequency until the full impedance spectrum has been measured at 

every sample potential. Following the step by step procedure the impedance spectra are 

collected at potentials along the adsorption/desorption wave in two series of intercalated 

potentials, each series with step increment of 40 mV.  
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RESULTS AND DISCUSSION 

Pseudocapacitance vs potential plots 

In figure 1 the pseudocapacitance, 𝐶𝑠 = (𝜔 𝑍´´)−1 , versus potential plots at 30 Hz, 

obtained for the adsorption of 1 mM adenine in basic media using the accumulative and 

step by step procedures are shown.  
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Figure 1.- Cs vs E plots measured at 30 Hz for a Au(111) electrode in contact with 1mM adenine solution 

in 0.3 M NaF/NaOH of pH 12 with different measurement procedures: step by step procedure from -0.1 V 

to -0.54 V, with Econt = 0V (filled circles) followed by the step by step scan from -0.52 to -0.32 V Econ t= 

0V (hollow circles); accumulative scan from 0 to -0.6 V (filled squares) and subsequent accumulative 

scan from -0.58 to -0.02 V (hollow squares). 

The different Cs vs E plots in figure 1 are coincident at potentials higher than c.a. -0.4 

V, however clear differences can be observed at lower potentials depending on the 

measurement procedure. The step by step procedure provides an excellent agreement 

between the two consecutive scans in opposite directions, confirming that the pre-

treatment at Econt guarantees the unreconstructed electrode surface before every 

impedance measurement. However, the Cs values obtained with the accumulative 

procedure clearly deviate from the plot obtained with the step by step procedure at 
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potentials around the maximum of the plot and show clear hysteresis between the 

negative and the positive scans. It suggests that the electrochemical reconstruction 

taking place while scanning the low potential region is affecting the measurement. 

Therefore, all the results shown below have been measured by the step by step 

procedure. 

The influence of pH in the pseudocapacitance vs potential plots at two frequencies 

values (30 and 938 Hz) for adenine adsorption is shown in figure 2 for 1mM adenine 

concentration in solution. It can be observed that the maximum of the capacitance plots 

shifts from c.a. -0.02 V to -0.38 V when the pH changes from 1 to 7.5, but with similar 

values around 120-150 F cm
-2

 at 30 Hz. At pH 12 the Cs maximum shifts only 0.06 V, 

up to -0.44 V, however the value is nearly twofold the values obtained at pH 1 and pH 

7.5. 
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Figure 2.- Cs vs E plots obtained at 30 Hz (hollow symbols) and at 998 Hz (filled symbols) with the step 

by step procedure in two series of alternating potentials for the adsorption of adenine 1 mM on Au(111) 

electrodes from solutions of pH=1 (triangles), pH=7.5 (squares) and pH=12 (circles). 

Fig 2 also shows the influence of the frequency on the pseudocapacitance.  
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There is a clear dependence of Cs with the frequency at potentials around the maximum. 

As the frequency increases the peak decreases and slightly shifts towards lower 

potentials. However, at potential values higher than the onset of adenine adsorption, the 

dependence of Cs with frequency is negligible. 

In the study of adsorption processes on solid electrodes the deviations from a series RC 

circuit are usually analysed by a constant phase element (CPE) which have an 

impedance 𝑍𝐶𝑃𝐸 = (𝑄 𝑖 𝜔 )−𝛼  with Q and  (ranging from 0 to 1) being frequency 

independent parameters. For an ideal RC behaviour the CPE parameter =1. A CPE is 

sometimes ascribed to surface roughness, heterogeneities or faradaic processes due to 

impurities.  

In this paper the CPE analysis has been applied to quantify the deviation from a series 

RC (implicit in the frequency dispersion of the pseudocapacitance curves showed in 

figure 2) to illustrate the correlation of the CPE parameters with the kinetics of adenine 

adsorption. In figure 3 the values of  obtained at different pH are plotted versus the 

potential. It can be observed that  clearly deviates from 1 at potentials within the 

capacitance peak at each pH. The lowest values are obtained at pH 12.  



10 
 

E vs SCE / V

-0.7 -0.5 -0.3 -0.1 0.1 0.3



0.5

0.6

0.7

0.8

0.9

1.0

pH 7.5

pH 7.5 

pH 1

pH 1

pH 12

 

Figure 3.- Plots of the CPE parameter  vs E for adenine adsorption from 1 mM solutions (symbols) at 

the indicated pH. The results for the supporting electrolyte (lines) are included for comparison. 

 

On the contrary, at potentials far from the corresponding capacitance peaks or at any 

potential in the absence of adenine, the values obtained for  are close to 1, so the 

frequency dispersion in these conditions can be neglected. Only the  values obtained in 

the absence of adenine in acid media are somewhat lower (around 0.9) at potentials of 

adenine adsorption, probably due to the specific adsorption of the supporting electrolyte 

anions at the high potentials at which adenine adsorption takes place in acid media, but 

still the differences with the  values in the presence of adenine are significant.These 

facts and the smoothness of the Au(111) electrode surface permits to discard that the 

frequency dispersion is caused by surface roughness or heterogeneities. The step by step 

measurement procedure avoid the interference of surface reconstruction/removal of 

reconstruction phenomena. Moreover due to the strict cleaning conditions no faradaic 

process takes place in the experimental conditions. Therefore, the capacitance 
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dispersion with the frequency must be ascribed to kinetic effects of the adenine 

adsorption process, so the impedance data for adenine adsorption have been analysed in 

accordance with the corresponding adsorption kinetics model. 

Analysis with the frequency. 

As mentioned above, in a previous work [4] the impedance spectra obtained for the 

adenine adsorption on Au(111) electrodes from neutral solution were analysed with the 

Frumkin and Melik-Gaykazyan kinetic model [5]. In this model the net adsorption rate 

is defined as:  

𝑣 =
𝑑 Γ

𝑑𝑡
= 𝑘𝑎𝑑  𝑓𝑎𝑑(𝛤) 𝑐𝑥=0  −  𝑘𝑑  𝑓𝑑(𝛤) (1) 

Where 𝑘𝑎𝑑  and 𝑘𝑑  are the potential dependent rate constant of the adsorption and 

desorption steps respectively, 𝑓𝑎𝑑(𝛤) and 𝑓𝑑(𝛤) are monotonic functions of the surface 

excess, 𝛤 , that depend on the adsorption isotherm and 𝑐𝑥=0  is the adsorbate 

concentration in the supporting electrolyte at zero distance from the electrode. Sluyters-

Rehbach [15] and Kerner and Pajkossy [8] deduced the expression for the adsorption 

impedance corresponding to this model for semi-infinity diffusion, 𝑍𝑎𝑑: 

𝑍𝑎𝑑 = 𝑅𝑎𝑑 +  
𝜎𝑎𝑑

(𝑖 𝜔)1/2
+  

1

𝐶𝑎𝑑  𝑖 𝜔
 (2) 

Equation (2) includes three frequency independent parameters: the adsorption 

resistance, 𝑅𝑎𝑑, the adsorption Warburg coefficient, 𝜎𝑎𝑑, and the adsorption capacitance 

𝐶𝑎𝑑. 𝜔 is the angular frequency of the ac signal and 𝑖 is the complex unit.  

The impedance of the electrochemical cell must also account for the double layer charge 

impedance, characterised by a capacitance 𝐶𝑑𝑙,𝛤 in a parallel branch to the adsorption 
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process, and the electrolyte solution ohmic resistance Rs in a series branch. Therefore, 

the electrochemical cell can be represented by the equivalent circuit in scheme 2.  

 

Scheme 2.- Equivalent circuit of the electrochemical cell according to the adsorption kinetic model 

developed in [8,15]. 

 

The impedance of the electrochemical cell corresponding to the circuit in scheme 2, is 

given by: 

𝑍𝑐𝑒𝑙𝑙 = 𝑅𝑠 +  [𝐶𝑑𝑙,Γ 𝑖 𝜔 +  (𝑅𝑎𝑑 + 
𝜎𝑎𝑑

(𝑖 𝜔)1/2
+  

1

𝐶𝑎𝑑  𝑖 𝜔
)

−1

]

−1

 (3) 

 

According to this equation, the extrapolation of the real component of the cell 

impedance to high frequencies provides the ohmic resistance. However, in order to 

obtain the adsorption parameters the experimental data are better analysed using the 

interfacial admittance, 𝑌𝑒𝑙 , that is the inverse of the electrode impedance (obtained from 

the experimental cell impedance once the ohmic resistance has been subtracted).  

C
dl,
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𝑌𝑒𝑙 =
1

𝑍𝑐𝑒𝑙𝑙 − 𝑅𝑠
= 𝐶𝑑𝑙,Γ 𝑖 𝜔 + [𝑅𝑎𝑑 +  𝜎𝑎𝑑(𝑖 𝜔)−1/2 + (𝐶𝑎𝑑 𝑖 𝜔)−1]

−1
 (4) 

According to this equation, the Nyquist plot (or complex frequency normalised 

admittance plots) of 
𝑌𝑒𝑙

′

𝜔⁄ vs 
𝑌𝑒𝑙

′′

𝜔⁄ , with 𝑌𝑒𝑙
′  and 𝑌𝑒𝑙

′′  being the real and imaginary 

components of the electrode admittance, can provide a global view about the nature of 

the kinetic control of the adsorption process: for a pure kinetic control by activation of 

the adsorption, a perfect semicircle arc, with the centre in the abscises axis will appear. 

For a pure kinetic control by diffusion the semicircle arc has the centre below the 

abscises axis, forming a “depressed” semicircle arc. For a mixed control by adsorption 

activation and diffusion, a deformed arc is obtained [4,8,15].  

Figure 4 shows some representative complex frequency normalised admittance plots at 

three different pHs for the adsorption of adenine on Au(111) electrodes. 
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Figure 4.-Nyquist frequency normalised admittance plots for the adsorption of adenine on Au(111) 

electrodes from 1 mM solutions at the pH and potential values indicated in the plots. The insets at each 

pH correspond to the pseudo-capacitance vs potential plot obtained in the same conditions at 30 Hz. The 

solid lines correspond to the theoretical plots calculated with the parameters obtained from the analysis 

with the frequency. 

The plots in figure 4 are depressed semicircle arcs, although partially deformed. This 

suggests the preponderance of kinetic control by diffusion instead of kinetic control by 

adsorption activation. The length of the arcs for the same frequency range increases as 

the potential of the spectrum is closer to the capacitance peak. 

The analysis with the frequency of the experimental admittance data according to 

equation (4) will provide the values of the four frequency independent parameters 

𝐶𝑑𝑙,Γ, 𝑅𝑎𝑑 , 𝜎𝑎𝑑 and  𝐶𝑎𝑑 . One of the advantages of using the electrode admittance 
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instead of the electrode impedance is that the real component of the electrode 

admittance does not depend on the 𝐶𝑑𝑙,Γ parameters, so the experimental data can be 

fitted to the theoretical equation using only three adjustable parameters. Recently we 

have shown that the frequency dependence of the real component function 
𝑌𝑒𝑙

′

𝜔⁄  is to be 

preferred for the fitting as the 
𝑌𝑒𝑙

′

𝜔⁄  vs ω1/2
 plots can show characteristic peaks which in 

the case of an adsorption system with a preceding chemical step are very sensitive to the 

equilibrium and rate constants of the chemical step, [14]. Moreover, the corresponding 

imaginary function 
𝑌𝑒𝑙

′′

𝜔⁄  provides the value of 𝐶𝑑𝑙,Γ  by extrapolation at high 

frequencies and the value of 𝐶𝑑𝑙,Γ +  𝐶𝑎𝑑  at the lowest frequencies. Therefore, the 

combination of both frequency limits provides a good initial value for 𝐶𝑎𝑑 to be used in 

the fitting of the real component function, so that the three adsorption parameters 

𝑅𝑎𝑑 , 𝜎𝑎𝑑  and  𝐶𝑎𝑑 can be usually obtained with precision from the fitting of the 
𝑌𝑒𝑙

′

𝜔⁄  

vs 𝜔−1/2  plots to the theoretical corresponding equation. The values of these three 

parameters so obtained are used as starting values for the fitting of the imaginary 

function 
𝑌𝑒𝑙

′′

𝜔⁄  vs 𝜔−1/2  to the corresponding theoretical equation in order to obtain 

also the 𝐶𝑑𝑙,Γ  parameter in addition to the other three parameters. The differences 

between the values of the three parameters that are obtained from the fitting to the real 

and to the imaginary functions are within the standard deviations with which each 

parameter is obtained. Moreover, the simultaneous four adjustable parameters analysis 

to both components of the electrode admittance using as initial estimates the values 

previously obtained in the separate analysis to each component provides an excellent 

agreement between the experimental and generated curves and consistent parameters 
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values, which have been plotted in figure 6. The qualities of the fittings are shown in 

figure 5 for the adsorption at the three pH values studied at potentials close to their 

respective pseudocapacitance maximums. An excellent agreement is found between the 

experimental values and the generated curves (represented by continues lines in Fig. 5) 

using the theoretical equations and the parameters obtained from the analysis.  
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Figure 5.- Plots of (𝑌𝑒𝑙
′  𝜔−1) 𝑣𝑠 𝜔−1/2 (a) and (𝑌𝑒𝑙

′′ 𝜔−1) 𝑣𝑠 𝜔−1/2(b) at the indicated pH and potential 

values. The symbols represent the experimental plots and the lines the theoretical ones generated with the 

parameters obtained from the analysis with the frequency. 

It is specially remarkable that the admittance data at pH 1 fit the equations 

corresponding to the circuit in scheme 2, although the general impedance or admittance 
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equations for a model including a deprotonation reaction preceding the adsorption step 

do not provide the same frequency dispersion [14]. However, the pronounced peak 

observed in the 
𝑌𝑒𝑙

′

𝜔⁄  vs 𝜔−1/2 plot for the results at pH 1 suggests the existence of the 

chemical coupled reaction, [14].  

Effectively, in the case of the model including a chemical step preceding the adsorption 

step the impedance should account also for the rate of the deprotonation step, previous 

to the adsorption one, that can be expressed by: 

𝑣𝑐ℎ𝑒𝑚 =
𝑑 𝑐𝐴𝑑𝐻3

𝑑𝑡
= 𝑘1𝑐𝐴𝑑𝐻4

+   −   𝑘−1𝑐𝐴𝑑𝐻3
𝑐𝐻+ (5) 

𝑘1 and 𝑘−1  are the forward and backward rate constants of the chemical step, 

respectively. For the second step the same definition of net rate in equation (1), with 

𝑐 = 𝑐𝐴𝑑𝐻3
 is still valid.  

The equation for the adsorption impedance according to this kinetic model with coupled 

chemistry has been derived [14], assuming that the mass transport under the ac 

perturbation is exerted by semi-infinite linear diffusion (with equal diffusion coefficient 

for the cationic and the neutral adenine molecules) and by the preceding chemical 

reaction: 

𝑍𝑎𝑑 = 𝑅𝑎𝑑 +  𝜎𝑎𝑑 [
𝐾1

′

𝐾1
′ +  1

(𝑖 𝜔)−1/2 + 
1

𝐾1
′ +  1

(𝑘 +  𝑖 𝜔)−1/2]  +  
1

𝐶𝑎𝑑 𝑖 𝜔
 (6) 

Where 𝐾1
′ =

𝑘1
𝑘−1

′⁄  is the apparent equilibrium constant, with 𝑘−1
′ = 𝑘−1𝑐𝐻+ and 

𝑘 = 𝑘1 + 𝑘−1
′  . It must be noted here that the backwards chemical step has been 

considered a pseudo-first order process, as the concentration of H
+
 ions is much higher 

than the adenine concentration, at the experimental conditions at which the model is 
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planned to be applied (pH 1). The frequency dependence of the impedance cell 

according to equation (6) is different from the dependence expressed in equation (3) for 

an adsorption process without coupled chemistry. However, two limiting cases can be 

distinguished (depending on the relative values of the chemical step rate constant and 

the range of frequencies used in the measurements) for which the frequency dependence 

is the same as implicit in equation (3).  

In the low frequency limit, that applies if 𝑘 ≫  𝜔 , the general equation (6) can be 

simplified to: 

 

(𝑍𝑎𝑑)𝐿𝐹 = 𝑅𝑎𝑑 + 𝜎𝑎𝑑  
𝑘−1/2

𝐾1
′ + 1

+ 𝜎𝑎𝑑  
𝐾1

′

𝐾1
′ + 1

 (𝑖 𝜔)−1/2 + (𝐶𝑎𝑑 𝑖 𝜔)−1 (7) 

Equation (7) involves the same frequency dependence of the impedance cell expressed 

in equation (3) but with a different meaning for the apparent Warburg coefficient and 

the apparent adsorption resistance, which in equation (7) includes the equilibrium and 

the rate constants of the chemical reaction:  

𝜎𝑎𝑑
𝑎𝑝 =   𝜎𝑎𝑑

𝐾1
′

𝐾1
′ +  1

 (8a) 

And .....                                 

𝑅𝑎𝑑
𝑎𝑝𝑝 =  𝑅𝑎𝑑 +  𝜎𝑎𝑑  

𝑘−1/2

𝐾1
′ + 1

 (8b) 

On the other hand, in the high frequency limit, that applies if 𝑘 ≪  𝜔 , the general 

adsorption impedance equation (6) is reduced to an expression identical to equation (2), 

with the same meaning for the frequency independent parameters. Therefore the 

frequency dependence of the cell impedance obeys equation (3). 
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We hypothesise that the protonation/deprotonation step is fast, with a rate constant 

value in the order of the molecular vibrations frequencies (10
12

-10
14

 s
-1

), so in the 

frequency range used in our measurements the low frequency limit of the impedance 

equation can be applied to the adsorption of adenine from acid solutions, and the 

adsorption Warburg coefficient values obtained from the analysis of the data at pH 1 

must be considered "apparent σ values", because apart from the true Warburg 

coefficient defined in equation (11) it includes the equilibrium constant of the chemical 

step, according to equation (8). 

Discussion 

The four frequency independent parameters in eq. (4) include in their definition the 

kinetic and thermodynamic information of the adsorption process, as expressed in the 

equations (9-12):  

 

𝐶𝑑𝑙,Γ  = (𝜕 𝜎𝑀

𝜕 𝐸 ⁄ )

Γ

 (9) 

𝑅𝑎𝑑 = (𝜕 𝜎𝑀

𝜕 Γ⁄ )

𝐸

−1

(𝜕 𝑣
𝜕 E⁄ )

c,Γ

−1

 (10) 

𝜎𝑎𝑑 =
1

𝐷
1

2

(𝜕 𝜎𝑀

𝜕 Γ⁄ )

𝐸

−1

(𝜕 𝑣
𝜕 E⁄ )

c,Γ

−1

(𝜕 𝑣
𝜕 𝑐 ⁄ )

E,Γ
=  

= −
1

𝐷1/2
(𝜕 𝜎𝑀

𝜕 Γ⁄ )

𝐸

−1

(𝜕 Γ
𝜕 E⁄ )

c

−1

(𝜕 Γ
𝜕 𝑐 ⁄ )

E
 

 

(11) 

𝐶𝑎𝑑 = − (𝜕 𝜎𝑀

𝜕 Γ⁄ )

𝐸

(𝜕 𝑣
𝜕 E⁄ )

c,   Γ
(𝜕 𝑣

𝜕 Γ⁄ )
𝑐,𝐸

−1

= (12) 
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= − (𝜕 𝜎𝑀

𝜕 Γ⁄ )

𝐸

(𝜕 Γ
𝜕 E⁄ )

c
 

Where 𝜎𝑀 is the charge density on the metal surface and D is the diffusion coefficient 

of the adsorbate, which it is assumed to be the same for the two diffusing species in the 

case of the preceding chemical step. 

The values of the four frequency independent parameters obtained from the frequency 

analysis at every potential along the adsorption wave ( 𝑅𝑎𝑑 , 𝜎𝑎𝑑  𝑜𝑟  𝜎𝑎𝑑
𝑎𝑝,

𝐶𝑎𝑑 and  𝐶𝑑𝑙,Γ) are plotted as a function of potential in figures 6a-6c. It can be observed 

that 𝑅𝑎𝑑  and 𝜎𝑎𝑑  have a minimum, and 𝐶𝑎𝑑  exhibits a maximum at potentials around 

the onset of adenine adsorption. 
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Figure 6.- Plots of 𝑅𝑎𝑑𝑣𝑠 𝐸  (a),𝜎𝑎𝑑𝑣𝑠 𝐸  (b) and 𝐶𝑎𝑑(hollow symbols) and 𝐶𝑑𝑙(filled symbols) 𝑣𝑠 𝐸  (c) 

obtained from the analysis with the frequency according to equation (4) for the adsorption of adenine on 

Au(111) from 1mM solutions at pH 1 (triangles), pH 7.5 (squares) and pH 12 (circles). In plot c) the 

pseudo-capacitance obtained for the supporting electrolyte is included (lines) for comparison. In fig 6b, 

the values plotted at pH 1 correspond to 𝜎𝑎𝑑
𝑎𝑝

. The error bars have been estimated from the standard 

deviations obtained from fitting procedure. 
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The 𝐶𝑑𝑙,Γ 𝑣𝑠 𝐸 plots in neutral and basic media are nearly coincident with those of the 

supporting electrolyte in the same conditions at the lower potentials of the adsorption 

capacitance peaks, and become slightly lower at higher potentials. In acid media the 

differences with the values in the absence of adenine is somewhat higher, but not 

significant in view of the lower precision of the frequency analysis (the frequency 

dispersion of the impedance data is lower) so the 𝐶𝑑𝑙,Γ  values calculated can be 

considered to be close to the pseudo-capacitance of the supporting electrolyte. 

The comparison of 𝑅𝑎𝑑 , 𝜎𝑎𝑑 and 𝐶𝑎𝑑  𝑣𝑠 𝐸 plots obtained at pH 12 and at pH 7.5 shows 

that at pH 12 the plots are slightly shifted towards lower potentials, about 60 mV for 4.5 

pH units. This potential shift with the pH could in principle be ascribed to a different 

nature of the adsorbate species at each pH values, being the predominant forms of 

adenine in the bulk solutions the adsorbed species at each of both pHs values, the 

neutral form at pH 7.5 and the anionic deprotonated form at pH 12. Similar minimum 

values of 𝑅𝑎𝑑  are obtained for the adsorption at both conditions, suggesting similar 

kinetic contributions. On the contrary, significant differences at pH 7.5 and 12 can be 

observed in the minimum values of 𝜎𝑎𝑑 and maximum values of  𝐶𝑎𝑑. At pH 12 these 

values of 𝜎𝑎𝑑 and 𝐶𝑎𝑑 are lower and higher, respectively than the corresponding values 

at pH 7.5.According to their definitions in equations (11) and (12), both parameters 

include the partial derivatives (𝜕 𝜎𝑀

𝜕 Γ⁄ )

𝐸

 and (𝜕 Γ
𝜕 E⁄ )

c
 or their inverses in the case 

of 𝜎𝑎𝑑. Both factors can be expected to depend on the nature of the adsorbate molecule, 

especially if the differences between adsorbates at pH 12 and 7.5 involve or not a 

negative net charge on the molecule. Therefore these differences in the parameters 

obtained at pH 12 and pH 7.5 are in agreement with the previous spectro-
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electrochemical studies [13] that suggested that adsorbed species at pHs 7.5 and 12 are 

the neutral adenine and the anionic deprotonated adenine, respectively. 

Regarding the data at pH 1, the plots of 𝑅𝑎𝑑 , 𝜎𝑎𝑑  and 𝐶𝑎𝑑 𝑣𝑠 𝐸 are shifted c.a. 350 mV 

towards higher potentials as compared with the plots at pH 7.5. This shift is in 

agreement with an adsorption process that involves a deprotonation of the predominant 

cationic species, AdH4
+
 in solution. On the other hand, the values of 𝑅𝑎𝑑

𝑎𝑝𝑝
and 𝜎𝑎𝑑

𝑎𝑝
 

obtained at pH 1 are lower than those of 𝑅𝑎𝑑 and 𝜎𝑎𝑑 at pH 7.5.  

Considering that at both pHs the adsorbed species are the neutral form (as shown by the 

IRRAS experiments [12]) it can be expected that the adsorption/desorption 

thermodynamic parameters should be equivalent. Then the minimum values of the true 

Warburg coefficient defined in equation (11) can be considered the same at both pH 

values. Therefore, from the minimum values of 𝜎𝑎𝑑
𝑎𝑝

 and 𝜎𝑎𝑑 obtained at pH 1 and 7.5, 

respectively, it is possible to estimate the value of the apparent equilibrium constant 𝐾1
′ 

using equation (8a). A value of 0.3±0.1 is obtained in this estimation for 𝐾1
′ at pH 1, 

which corresponds to a dissociation constant of the protonated adenine at the interphase 

of 0.03±0.01. This value of equilibrium constant cannot explain, however, the lower 

values for 𝑅𝑎𝑑
𝑎𝑝𝑝

 obtained at pH 1 as compared to the 𝑅𝑎𝑑  values obtained at pH 7.5, 

because according to equation (8b) and the high value of the rate constant for the 

deprotonation / protonation reactions the adsorption resistance values obtained at pH 1 

must be the true adsorption resistances and should coincide with the values obtained at 

pH 7.5. The differences will be discussed bellow based on the potential dependence of 

the rate of adsorption and the shifting of the adsorption potential due to the 

deprotonation step. 
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The value for the apparent dissociation constant in the electrode/electrolyte interface is 

three orders of magnitude higher than the dissociation constant of AdH4
+
 in bulk 

aqueous solutions. The study of the orientation of adsorbed adenine on Au(111) 

electrode by a quantitative FT-IRRAS method [16] concluded that the neutral adenine 

form is adsorbed with nitrogen N10 from the amine group and nitrogen N1 from the 

pirimidinic ring directed towards the electrode. Thus, the interaction of the electric field 

at the electrode vicinity over the molecular fragment involved in the dissociation 

equilibrium, N1 and with the protons can be high enough as to explain the value 

obtained for the dissociation constant of AdH4
+
 at the vicinity of the electrode surface. 

Delgado et al. [17] showed that the second pKa value of dicarboxylic acids adsorbed on 

gold electrodes decreases from the bulk solution value as the uncoordinated carboxylic 

group becomes closer to the electrode surface, and this behaviour is explained as a 

consequence of the electrostatic interaction of the acid moiety and the positively 

charged electrode surface.  

 

The combination of the parameters 𝑅𝑎𝑑 , 𝜎𝑎𝑑 and 𝐶𝑎𝑑 provides the values of the 

relaxation times of diffusion, 𝜏𝐷 , and of adsorption, 𝜏𝐻   [15].  

𝜏𝐷
1/2

=  −
(𝜕 Γ

𝜕 𝑐 ⁄ )
E

(2 𝐷)1/2
= 2−1/2𝜎𝑎𝑑𝐶𝑎𝑑  (13a) 

𝜏𝐻 =  (𝜕 𝛤
𝜕 𝑣 ⁄ )

𝐸,𝑐
= 𝑅𝑎𝑑𝐶𝑎𝑑  (13b) 

The estimated values of 𝜏𝐷  and 𝜏𝐻 at different potentials are summarised in Table I for 

the respective adenine adsorptions at the three pH values. 

pH 1 pH 7.5 pH12 
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E / V 𝝉𝑫/ms 𝝉𝑯/ms E / V 𝝉𝑫/ms 𝝉𝑯/ms E / V 𝝉𝑫/ms 𝝉𝑯/ms 

0.06 3.4 2.7 -0.24 18.9  -0.36 5.9 2.7 

0.02 1.3 1.0 -0.26 13.7 0.4 -0.38 6.3 2.9 

0.00 1.6 1.3 -0.28 10.2 0.4 -0.40 2.8 1.6 

-0.02 1.3 1.0 -0.30 4.0 0.4 -0.42 2.8 1.3 

-0.04 1.1 0.9 -0.32 3.8 0.4 -0.44 0.7 0.6 

-0.06   -0.34 2.3 0.4 -0.46 0.7 0.5 

-0.08 5.3  -0.36 1.6 0.4 -0.48 0.3 0.4 

-0.10 0.9 0.7 -0.38 1.4 0.3 -0.50 0.4 0.4 

   -0.40 1.2 0.3 -0.52 0.3 0.3 

   -0.42 1.3 0.2 -0.54 0.1 0.1 

   -0.44 1.6 0.2    

Table I.- Values of the relaxation times in milliseconds of diffusion and of adsorption obtained according 

to equations (13) for the adsorption of adenine on Au(111) electrodes from 1 mM solutions at the 

indicated pH values.𝜏𝐷 at pH 1 have been calculated correcting the apparent Warburg coefficient 

according to equation (8) 

 

In can be observed that both relaxation times are of the same order of magnitude (data at 

pH 1 and at pH 12) or are about one order of magnitude higher for  𝜏𝐷  (in the case of 

the data at pH 7.5). This confirms the mixed kinetic control of the process by diffusion 

and by adsorption activation in the case of the adsorption at pH 1 and 12 and the control 

mostly by diffusion in the case of the adsorption at pH 7.5, that was inferred from the 

Nyquist plots of the electrode admittance in figure 4. 

A more quantitative picture of the adsorption kinetics can be obtained from the values 

of the specific rate of adsorption, 𝑘𝑎𝑑𝑓𝑎𝑑(Γ), that can be obtained from 𝑅𝑎𝑑  and 𝜎𝑎𝑑 

according to equations (10) and (11): 

𝑘𝑎𝑑𝑓𝑎𝑑(Γ) = 𝐷1/2
𝜎𝑎𝑑

𝑅𝑎𝑑
 (14) 
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The plots of 𝑘𝑎𝑑𝑓𝑎𝑑(Γ) as a function of the potential are shown in figure 7 at the three 

investigated pH conditions. 
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Figure 7.- 𝑘𝑎𝑑  𝑓𝑎𝑑(Γ) 𝑣𝑠 𝐸 plots calculated with the parameters obtained from the analysis with the 

frequency and equation (14) at pH 1 (triangles), pH 7.5 (squares) and pH 12 (circles). The 𝜎𝑎𝑑
𝑎𝑝𝑝

 values 

obtained at pH 1 have been corrected according to equation (8a).  

At pH 7.5 two different behaviours of the specific rate constant can be distinguished 

with the potential. At low potentials 𝑘𝑎𝑑  𝑓𝑎𝑑(Γ) decreases with the potential, it reaches a 

minimum value and then increases with the potential. At pH 12 the available potential 

range is shorter and only the first tendency is obtained. At pH 1, the specific rate 

constant obtained is higher than at pH 7.5, and an increasing tendency with potential 

can be inferred. 

Opposite contributions to the potential behaviour can be expected for 𝑘𝑎𝑑  and for 

𝑓𝑎𝑑(Γ). For 𝑘𝑎𝑑 a Butler Volmer type dependence with the potential was proposed by 

Szulborska and Baranski [18,19], while 𝑓𝑎𝑑(Γ) is a monotonic decreasing function of 

the surface excess with an explicit expression that depends on the adsorption isotherm 
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that applies to the system. The simplest form of 𝑓𝑎𝑑(Γ) corresponds to a Langmuir’s 

isotherm, for which the expression (15) holds:  

𝑓𝑎𝑑(Γ) =  
𝑘𝑎𝑑  𝑐

𝑘𝑎𝑑  𝑐 +  𝑘𝑑
   (Langmuir's isotherm) (15) 

Equation (15) introduced in the definition of the specific rate of adsorption yields a 

similar behaviour with the potential, increasing or decreasing, for both 𝑘𝑎𝑑𝑓𝑎𝑑(Γ) and 

𝑘𝑎𝑑. However, an increasing behaviour with the potential can be expected for 𝑘𝑎𝑑 and 

the opposite is clearly found for 𝑘𝑎𝑑𝑓𝑎𝑑(Γ) at pH 12 and at low potentials at pH 7.5. 

Therefore, the kinetic results cannot be explained with a Langmuir’s isotherm for the 

adsorption of adenine. 

The thermodynamic study of adenine adsorption in neutral media concluded that the 

adsorption obeys a Frumkin isotherm, with an attractive interaction parameter [2]. 

Therefore, the lateral interactions between the adsorbate molecule in the transition state 

of the adsorption step and in the final ground state must be taken into account in the 

kinetic expression, as suggested by Szulborska and Baranski [19] for the adsorption of 

thioglycol on mercury electrodes.  

𝑓𝑎𝑑(Γ) =  
𝛤𝑚𝑎𝑥 − 𝛤

𝛤𝑚𝑎𝑥
exp (

2 𝑔≠ 𝜃

𝑅𝑇
)   (Frumkin's isotherm) (16) 

Where 𝑔≠ is the interaction parameter between the activated complex of the adsorption 

step and the adsorbate in its ground state and 𝜃 = 𝛤
𝛤𝑚𝑎𝑥

⁄  is the surface coverage. 

𝑔≠affects both energy barriers of the adsorption and desorption steps, and must be 

related to the thermodynamic interaction parameter, 𝑔: 
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𝑔≠

𝑔
=  

(
𝜕∆𝐺𝑎𝑑𝑠

≠

𝜕𝜃
⁄ )

𝐸

(
𝜕∆𝐺𝑎𝑑𝑠

0

𝜕𝜃
⁄ )

𝐸

= (
𝜕∆𝐺𝑎𝑑𝑠

≠

𝜕∆𝐺𝑎𝑑𝑠
0 )

E

 (17) 

From equation (17) it is inferred that the ratio 
𝑔≠

𝑔⁄  is some type of symmetry factor 

and it could be considered like a charge transfer coefficient in an electron transfer, so its 

value must be between 0 and 1. 

A 
𝑔≠

𝑔⁄  value close to 1 provided an explanation to the potential dependence of the 

specific rate constant of the adsorption of adenine on Au(111) from neutral pH solutions 

[4], assuming a Butler-Volmer type dependence of 𝑘𝑎𝑑 with the potential. 

At higher potentials, if the bulk concentration of the adsorbate is lower than the required 

value to saturate the surface, according to equation (16) the function 𝑓𝑎𝑑(Γ) must reach 

a minimum value. From the potential of 𝑓𝑎𝑑(Γ) minimum all the potential dependence 

of the specific rate constant obeys to the dependence of  𝑘𝑎𝑑, explaining the exponential 

increase of 𝑘𝑎𝑑𝑓𝑎𝑑(Γ) with the potential at high potentials observed at pH 7.5 in figure 

7. 

For the adsorption of adenine from basic solutions, taking into account that the 

adsorbate is the anionic species AdH2
-
, the electrostatic interactions between the 

transition state of adsorption and the adsorbate molecules in their ground state must 

originate a lower interaction parameter than in neutral media. According to equation 

(16) this would explain the lower specific rate obtained at pH 12. 

On the other hand, the higher values of the specific rate constant obtained at pH 1 as 

compared to the values at pH 7.5 can also be explained by the dependence of 𝑘𝑎𝑑 with 
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the potential. The shift in the adsorption/desorption equilibrium potentials caused by the 

deprotonation step originates also the shifting of the adsorption potential towards higher 

values at which the rate constant for the adsorption step, 𝑘𝑎𝑑  is in the exponentially 

increasing with potential region. 

CONCLUSIONS 

The dispersion with the frequency obtained for the pseudocapacitance data of adenine 

adsorption on Au(111) electrodes can be explained on the basis of an adsorption kinetic 

model according to the work of Frumkin and Melik-Gaikazayan. This model does not 

involve any assumption about the type of isotherm that applies or about the potential 

dependence of the adsorption rate constant. In the adsorption of adenine from very acid 

solutions a deprotonation step preceding the adsorption step has been considered in the 

kinetic model. The general impedance equations corresponding to this model can be 

simplified to the low frequency limiting case which is applicable when the rate constant 

of the chemical step is high as compared to the experimental frequency values, yielding 

the same frequency dependence of the impedance data than the original model (which 

does not include the chemical step) but with a different meaning for the apparent 

adsorption Warburg coefficient and adsorption resistance.  

The analysis of the real and imaginary components of the electrode admittance has 

provided the values of the adsorption parameters 𝑅𝑎𝑑 , 𝜎𝑎𝑑 and 𝐶𝑎𝑑 as a function of the 

potential. From the  𝜎𝑎𝑑 vs E plot obtained at pH 1 an equilibrium constant for adenine 

deprotonation three orders of magnitude higher than the equilibrium constant in the bulk 

solution has been calculated. The frequency independent parameters allow us to 

calculate the relaxation times of adsorption and diffusion, and the specific rate of the 

adsorption process. From the relaxation times a mixed kinetic control by diffusion and 
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by adsorption activation is inferred for the adsorption from solutions of pH 1 and 12, 

but a somewhat higher kinetic control by diffusion in the case of the adsorption from 

solutions of pH 7.5. The potential dependence of the specific adsorption rate is 

explained as the result of the combined potential dependence of a Frumkin type 𝑓𝑎𝑑(Γ) 

function with an attractive interaction parameter and a Butler-Volmer potential 

dependence type for  𝑘𝑎𝑑. This potential dependence justifies the higher values obtained 

for 𝑘𝑎𝑑𝑓𝑎𝑑(Γ) at pH 1 as compared to the values obtained at pH 7.5, as the equilibrium 

of the preceding chemical step shifts the adsorption process to higher potentials. The 

lower values obtained for 𝑘𝑎𝑑𝑓𝑎𝑑(Γ) at pH 12 suggest a lower value for the interaction 

parameter of the corresponding Frumkin isotherm for the adsorption of anionic adenine 

as compared to neutral adenine form. 
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